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Suppression of Star Formation in the central 200 kpc of a 
z = 1.4 Galaxy Cluster 
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ABSTRACT 

We present the results of an extended narrow-band Ha study of the massive galaxy 
cluster XMMU J2235. 3-2557 at z = 1.39. This paper represents a follow up study 
to our previous investigation of star-formation in the cluster centre, extending our 
analysis out to a projected cluster radius of 1.5 Mpc. Using the Near InfraRed Imager 
and Spectrograph (NIRI) on Gemini North we obtained deep H narrow-band imaging 
corresponding to the rest-frame wavelength of Ha at the cluster's redshift. We identify 
a total of 163 potential cluster members in both pointings, excluding stars based on 
their near-IR colours derived from VLT/HAWK-I imaging. Of these 163 objects 14 
are spectroscopically confirmed cluster members, and 20% are excess line-emitters. 
We find no evidence of star formation activity within a radius of 200 kpc of the 
brightest cluster galaxy in the cluster core. Dust-corrected star formation rates (SFR) 
of excess emitters outside this cluster quenching radius, R Q ~ 200 kpc, are on average 
<SFR> = 2.7 ± 1.0 M yr _1 , but do not show evidence of increasing star-formation 
rates toward the extreme 1.5 Mpc radius of the cluster. No individual cluster galaxy 
exceeds an SFR of 6 M yr _1 . Massive galaxies (log M*/M Q > 10.75) all have low 
specific SFRs (SSFRs, i.e. SFR per unit stellar mass). At fixed stellar mass, galaxies 
in the cluster centre have lower SSFRs than the rest of the cluster galaxies, which 
in turn have lower SSFRs than field galaxies at the same redshift by a factor of a 
few to 10. For the first time we can demonstrate through measurements of individual 
SFRs that already at very early epochs (at an age of the Universe of ~4.5 Gyr) the 
suppression of star-formation is an effect of the cluster environment which persists at 
fixed galaxy stellar mass. 
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1 INTRODUCTION 

High redshift galaxy clusters provide unique astronomical 
environments in which to investigate how stellar mass ac- 
cumulated in galaxies when the universe was only a few 
billion years old. Galaxies in high-density regions tend 
to be older and form stars on shorter time scales tha n 
those in lower-dens i ty regions dButcher fc Oemlerl fl9& 
Dressier et"afl Il997l ; iPoggianti et al.l Il999l : iThomas etal . 
20051 ). Therefore the dense regions of distant galaxy clusters 



are ideal environments not only to study the first massive 
galaxies in the universe, but also to study what happens to 
galaxies as they enter high density regions. 

It is well established in the z < 1 universe that star 
formation activity in galaxies decreases with increasing en- 



vironmental density 1 j0rgensen et al.l [2 005: Dcmarc o et al 
2005 1: iTanaka et all 2005: Maicill ac~et~al] 120071 : [Patel et al 
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2009; Finn et al.ll2010l ). such that the centres of galaxy clus- 
ters show populations of massive red galaxies with old stellar 
populations and no evidence of ongoing star formation. The 
vast majority of star formation seen in low redshift galaxy 
clusters, therefore, comes from infalling galax ies before they 
are suffocated by the c luster environment (|Verdugo et al.l 
l200St lHaines et al]|201Ch • 
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There is some controversy as to whet her the star forma- 
tion - density relat i on reverses at z > 1 llElbaz et alj 20071 ; 
ICooper et ahl 120081 : Iffilton et al.ll2010l : iTran et alJ l20ld ) or 
whether the period between 1 < z < 2 is when environ- 
mental factors begin to dominate the shut down of star for- 
mation in the hig h est over-densities (IStrazzullo et al.l |2010| ; 
iBauer et all l201ll ; iGriitzbauch et al.l l201ll). In the R DCS 
J1252. 9-2927 cluster at z = 1.24, iTanaka et all (|2009h find 
a population of star-forming galaxies at the outskirts of the 
cluster, which are absent from the clust e r core . These results 
differ from the work of lHavashi et al. (2010) who observe 
one of the most distant clusters known, XMMXCS J2215.9- 
1738 at z = 1.46, and find no evidence for decreasing SFRs 
towards the cluster core. 

Most observations of high redshift clusters have not 
been able to determine SFRs uniquely for each cluster galaxy 
and have relied on broad-band colours to determine the 
behaviour of galaxies in distant clu s ters dKurk et al.l 120091 : 
ITran et all l20ld ; iHilton et all |2010| ; iPapovich et aimoid) . 
Evidence for high star-formation r ates in the centr es of 
z = 1.4 ~ 1.6 clusters was found bv lTran et ail (|201fj| ) and 
IHilton et all (|2010l ). whereas other authors report the pres- 
ence of old stellar populations in high-z cluster galaxies: 
iHenrv et al. (2010) identify a galaxy cluster at z = 1.75 via 
its X-ray emission and suggest that the stellar population of 
the brightest cluster galaxy has formed in a single burst at 
z ~ 5. They also argue that a population of galaxies follow- 
ing the red sequence in the colour-magnitude diagram (i.e., 
old, passively evolving galaxies) might be alre ady present in 
this cl uster. A similar conclusion is reached bv lTanaka et alj 
(|2010T ) who find a possibly X-ray detected conc e ntrati on of 
red galaxies at z ~ 1.6, although iPierre et all j|201ll ) find 
that the X-ray emission is dominated by a point source 
rather than an extended hot intracluster medium. The epoch 
around z ~ 1.5 then seems to be critical to study the build 
up of the red sequence and the influence of the environment 
on the suppression of star-formation in galaxies in the early 
Universe. 

We report here on the first observations of individ- 
ual star-forming galaxies beyond the virial radius of the 
massive cluster XMMU J2235.3-2557 at z = 1.393, which 
represents a follow-up study to our previous investigation 
of Ha emission within the c e ntral ~500 kpc of this clus- 
ter presented in IBauer et~aH (|201ll ). The XMMU J2235.3- 
2557 ("XMMU2235") cluster at z = 1.393 is the most mas- 
sive distant galaxy cluster known at these high redshifts. 
It was di scovered by t he XMM-Newton X - ray sp ace tele- 
scope by iMullis et~ai1 <|2005l ). iRosati et all (|20od ) confirm 
cluster membership of 34 individual gal axies in XMMU 2235 
based on spe c trosco pic data and both |jee et all (120091 ) and 
IRosati et al.l ([2009) estimate the projected mass of the 
cluster to be around 9 x 10 1 4 Mp;. Near-IR obser vations 
were taken of the cluster by iLidman et al.l (|2008l ). while 
rest-frame ultraviolet properties have been investigated by 
IStrazzullo etail (|20ld ). 

In this paper, we present narrow-band H (1.57/im) ob- 
servations of XMMU2235, which correspond to the wave- 
length region where galaxies in this cluster emit Ha. We 
measure for the first time individual SFRs for 163 likely 
cluster galaxies in XMMU2235 out to a cluster radius of 
1.5 Mpc. In Section [2] we describe the near-infrared obser- 
vations of the cluster, data reduction, and the calculation 



of star formation rates. We discuss our results in Section [3] 
present a discussion in Section [4J and end with a summary 
and conclusions in Section [5] 

Throughout the paper we assume the standard ACDM 
cosmology, a flat universe with J1a = 0.73, SIjvi = 0.27 and 
a Hubble constant of Hq = 72 km s~ Mpc -1 . 



2 DATA AND METHODS 

2.1 Observations and data reduction 

The observations were carried out with the Near Infra Red 
Imager and Spectrometer (NIRI, iHodapp et al.l 120031 ) on 
Gemini North. This instrument is equipped with a H 
narrow-band filter at a wavelength of A = 1.57/jm, which 
corresponds to the central wavelength of the HaA6563A 
emission line at the cluster redshift of z — 1.39. This en- 
ables us to obtain rest-frame Ha imaging and individual 
star-formation rates of the cluster members with a mini- 
mum amount of integration time compared to spectroscopi- 
cally derived Ha star-formation rates. The cluster area was 
imaged with two different pointings of adjacent fields of ~2 
arcmin on each side. One pointing is centred on the bright- 
est cluster galaxy (BCG) and the second one is located in 
the north-east of the cluster centre, where a second concen- 
tration of spectroscopic ally confirmed clus ter members was 
found in the literature |Rosati et aljlioo^ l. 

The two pointings were obtained in two different ob- 
serving programs, GN-2007B-Q-79 for the central pointing 
and GN-2010B-Q-75 for the pointing of the cluster outskirts. 
T he data obta i ned in the first program are fully described 
in lBauer et al. (2011). In this paper we present the data ob- 
tained in the follow-up program observed in the period from 
July 2010 to September 2010 and then combine data from 
both programs for the analysis and discussion throughout 
the rest of the paper. 

We obtained H narrow-band observations (correspond- 
ing to Ha), as well as H broad-band observations at A = 
1.65pm to measure the underlying continuum. The total in- 
tegration time was split into single exposures of 120 seconds 
in the H narrow-band and 30 seconds in the H broad-band 
filter. The field of view for each single frame is 120x120 
arcseconds with a pixel scale of 0.1162 arcsec/pixel. Each 
set of 10 frames was dithered following a specific pattern 
to facilitate the removal of bad pixels and cosmic rays. The 
total number of frames observed in the narrow-band and 
broad-band filters were 374 and 108 frames, respectively. 

The data for the outskirts of the cluster were reduced 
in an identi cal manner to that u sed for the central region, as 
described in lBauer et al.l (|201ll ). In brief, the data reduction 
steps consist of the standard bias subtraction, flat-fielding, 
sky subtraction and co-adding of the single exposures into 
a combined image that is used for the source detection. The 
sky subtraction is the most critical step in this procedure, 
since the sky background in the near-infrared is bright and 
variable on short time-scales. We find that the best tech- 
nique to account for these effects is to co-add the science 
frames of five adjacent exposures into a sky frame, after 
subtracting all detected sources. 

Finally the reduced science frames were combined, us- 
ing only frames with a good sky subtraction and without 
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residuals of fringing, first-frame-bias pattern or sky variabil- 
ity. This resulted in 362 combined individual exposures in 
narrow-band and 102 individual exposures combined to cre- 
ate the broad-band image. The final total exposure times 
are 51 minutes in the H broad-band image of the cluster 
outskirts region and 724 minutes in the H narrow-band fil- 
ter (compared to 55 minutes and 424 minutes of the central 
frame in broad- and narrow-band, respectively). 

The area covered by the pointing towards the outskirts 
of the cluster is 2.11 x 2.29 arcminutes or 4.83 arcmin 2 , 
which is larger than the area of the central pointing of 1.6 
x 1.64 arcminutes or 2.62 arcmin 2 due to a different dither 
pattern used. The total covered area of the XMMU 2235 
cluster is then 7.45 arcmin 2 . The dithering introduces im- 
age areas with different depths, mainly around the edges 
of the cluster outskirts field. This is taken into account in 
the source extraction (see Section 12.21) by using the local 
background rms to determine the threshold for extracting a 
source. The physical distance from the cluster centre which 
we cover with our observations is ~ 400 kpc in all directions 
and up to ~ 1.5 Mpc towards the north-east in the pointing 
of the cluster outskirts. 

Figure [1] shows the H broad-band image of the total 
covered area of both pointings. The pixel scale of 0.1162 
arcsec/pixel and the angular distance scale at z — 1.39 of 
8.618 kpc/arcsec give a scale of about 1 kpc/pixel. The right 
panel of Figure [T] shows H narrow-band postage stamps of 
all objects identified as narrow-band excess emitter (see Sec- 
tion [2]3l), which are the most likely objects to be cluster 
members, as will be further discussed in Section 12.31 The 
size of each stamp is 10 arcseconds corresponding to about 
85 kpc on each side. The images indicate the presence of 
varied morphologies from very compact to more extended 
objects. However, we do not investigate the morphologies of 
the excess emitters here, since the resolution of our images is 
not high enough to reliably determine galaxy morphologies. 
This will be the focus of a future study using high-resolution 
imaging data from the Hubble Space Telescope. 

2.2 Source detection, completeness limits and 
star-formation rates 

The source detection is done separately in the two pointings 
due to different exposure times and noise characteristics of 
the two images. The photometry o f galaxies in t he ce ntral 
pointing we use here is derived by iBauer et alj (|201ll ). To 
obtain the photometry of galaxies in the cluster outskirts 
po inting we use the sa me detection parameters as described 
m Jaaucr et all <|201lft . Sources are detected in both, the 
H broad-band and narrow-band images using SExtractor 
(Bertin & Arnouts 1996). To ensure that the different depth 
of broad-band and narrow-band images does not affect the 
results, fluxes are measured within the same fixed aperture 
in both images. We do not apply a correction for differences 
in the point-spread function (PSF) since both images have a 
very similar PSF of ~ 0.55 arcseconds. We run SExtractor 
in dual-mode, i.e. simultaneously on the broad-band and 
narrow-band image, detecting sources in the broad-band im- 
age and measuring photometry using the same parameters 
in both images. The same procedure is repeated using the 
narrow-band image as the detection image, in order to de- 
tect pure emission line sources that might be too faint to 



be detected in broad-band. The two catalogs are then com- 
bined to obtain the final source catalog shown in Table [T] 
The procedure of detecting sources in both bands ensures 
that our sample is not biased towards Ha emitting galaxies. 

After excluding obvious spurious sources, known fore- 
ground galaxies and saturated stars, we obtain 82 objects 
in the central pointing (including cluster member candi- 
dates and confirmed members) and 119 objects in the out- 
skirts pointing. We identify in total 14 spectrosc o picall y 
confirmed clu s ter m embe rs taken fromlMullis et al.l |2005h . 
iLidman et al. (2008), and lRosati et al.l (|2009T ) . by comparing 
the published images (Figure 1 in each paper) to our Fig- 
ure!]] Using our detection criteria (requiring 3 adjacent pix- 
els to have a value > 3cr of the background variation) , all ob- 
jects detected in the narrow-band image (72 objects) are also 
detected in the broad-band image. The source-extraction on 
the broad-band image yielded 48 additional detections, re- 
sulting in the total number of 119 objects quoted above. 

In the subsequent analysis we distinguish spectroscop- 
ically confirmed members (referred to as "confirmed mem- 
bers") and all other detections by showing confirmed mem- 
bers in red in the plots. The objects surrounded by an extra 
magenta circle in Figure [1] are galaxies identified as having 
excess line emission and are therefore the most likely to be 
cluster members, as will be discussed in Section \2. 31 

The completeness limits of our broad-band and narrow- 
band images are estimated by placing artificial point sources 
in images with the same noise characteristics and object 
PSF as the observed images. The artificial sources are de- 
tected in the same way as the observed sources. The counts 
in both, observed and artificial image are then compared 
to obtain the 95% completene s s limi t. This procedure is 
fully described in IBauer et all (|201ll ). We obtain a 95% 
completeness limit of Hab = 24.4 in the broad-band and 
H 

narrow t AB = 23.5 in the narrow-band, which is very simi- 
lar to the depth of the central pointing of Hab = 24.2 and 
Hnarrow,AB = 23.4. The similar image depths despite of the 
longer exposure times of the outskirts pointing is due to 
worse observing conditions in the second observing run. 

The procedure to obtain SFRs from th e calibrated 
narrow -band magnitudes is fully outlined in IBauer et al.l 
l|201lft . After calibrating the broad and narrow-band zero- 
points with standard sta r observations, w e apply a one mag- 
nitude dust correction (iKennicuttl 1 1983ft . a statistical cor- 
rection for the contribution of [N II] emission (|Tresse et al.l 
1999) and conv ert the resulting Ha flu xes to star-formation 
rates using the iKennicutt et al.l (|l994f ) relation. The trans- 
formation between luminosity and star formation rate is 
known to vary by a factor of ~ 2.5, introducing an er- 
ror of ~ 30%. This was accounted for in the errors given 
for all SFRs reported in Table [T] Note, however, that this 
does not include any uncertainty introduced by the ex- 
tinction correction, which we cannot constrain well with 
the present data. Based on the magnitude limits described 
above in Section 12.21 we find a 5 a limiting Ha luminos- 
ity of Lhc — 1 x 10 41 erg s _1 , which corresponds to a 5 a 
SFR = 1.1 M yr-\ 

2.3 Cluster membership through excess emission 

Our total sample consists of 201 objects detected at the 3cr 
level over the total area covered in two pointings with the 
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Figure 1. Final reduced, combined H broad-band image of XMMU2235 (left) and H narrow-band postage stamps of the 32 excess 
emitters (right). Left panel: Both pointings are combined in this figure. North is up, east to the left. The spectroscopically confirmed 
cluster members are marked with red boxes; all other detected objects are marked with blue circles. Objects additionally outlined in 
magenta are excess emission-line galaxies and most likely to be cluster members (see Figure |2J. The orange circle indicates the radius of 
200 kpc (Rq ) within which no star-formation is found (see Section [3.1l Right panel: the size of each cut-out is 10 arcseconds, corresponding 
to about 85 kpc on each side. The object ID (see Table [1} is indicated in each image. 



Gemini North telescope. Of these, 14 are confirmed cluster 
members based on spectroscopic observations. Ha emitters 
at the redshift of the cluster are identified among the re- 
maining 187 candidate cluster members as having excess 
flux in the narrow-band image relative to the broad-band 
observations. 

Figure [2] shows the excess flux in the narrow-band fil- 
ter as a function of magnitude for all 201 detected objects. 
We require the narrow-band flux to be a factor of three E 
greater than the noi se in the broad-band (continuum) image 
(Bunker et all 1 19951 ) for an object to be considered an ex- 
cess line-emitter. The dotted curves in Figure [2] show lines 
of constant E. Emission-line candidates with low equiva- 
lent widths (EW) a re likely to be foreground interlopers 
ijPalunas et alJkOO-J h so we also appl y a minimum EW for 
the Ha line of 20 A (|Haves et alJl201Ch . Candidate emission- 
line cluster galaxies are objects with EW > 20A and excess 
line-emission of E > 3, which are identified as open magenta 
circles in Figure [21 

Of all the detected objects, 32 satisfy the criteria to be 
considered excess line-emitters and are therefore more likely 
to be members of the cluster. Postage stamps of these 32 



galaxies are shown in the right panel of Figure [T] The red 
points in Figure [2] show spectroscopically confirmed cluster 
members, which are all on the bright end (H nar row < 22) of 
the distribution of narrow-band magnitudes of detected ob- 
jects. Even though these objects are spectroscopically con- 
firmed as cluster members, only three of the 14 satisfy the 
criteria for being excess Ha line-emitters associated with 
the cluster. It is clear that while this method is a good test 
to identify the most likely cluster candidate members with 
excess line emission when no spectroscopic confirmation is 
available, if a galaxy in the cluster does not have excess 
line emission (i.e. it is not star- forming or an AGN), it will 
not b e identified as a mem ber of the cluster by this tech- 
nique. |Lidman~et al. (200<|) argue that galaxies in the central 
region of XMMU 2235 are very likely to be cluster mem- 
bers based on the near-infrared colour-magnitude relation 
and the low likelihood of finding foreground or background 
galaxies in the narrow colour interval. We will investigate 
the likelihood of cluster membership based on colour in the 
next subsection. 

There remains potential for galaxies identified as hav- 
ing excess emission in Ha at z = 1.4, to instead be inter- 
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loping objects at different redshifts, for instance they could 
be galaxies with [Oil] emission at z ~ 3.2 or [OIII] and H/3 
at z ~ 2.2. Although a high fraction of contamination by a 
high redshift galaxy population seems unlikely due to their 
generally faint H narrow-band magnitudes, there still might 
be a significant amount of c ontamination in th e sample of 
excess emitters. For instance ISobral et al.l (|201ll ) simultane- 
ously analysed Ha and [O II] narrow-band emitters in an 
untargeted survey at a redshift of z = 1.47 and found the 
interloper fraction to be ~ 30 — 40%. Since we are study- 
ing one of the most massive concentrations of galaxies in the 
early Universe, we expect the fraction of contaminants to be 
lower than in a general field sample. Additionally, we con- 
sider candidates that are most likely to be cluster members 
based on their near-infrared colours (Section l2.4[l separately 
in the analysis to minimize the effect of contamination on 
our results. 

Galaxies that are significantly fainter in the narrow- 
band than expected from their broad-band magnitude can 
be seen in Figure[2]as galaxies with negative (H — H nar rom) 
colours, which would subsequently result in negative SFRs. 
Note however that we have set those values to SFR=0 
to avoid unphysical negative SFRs. The faint narrow-band 
magnitudes could be caused by stellar absorption of Ha. We 
have computed the [H — H narrow ) colours expected from 
stellar absorption using the SED of Vega and find a value 
of (H — H n arrow) = —0.13. This corresponds well to the 
measured negative colours of the brighter galaxies in our 
sample, for example the four bright confirmed members in 
the cluster centre, which show values of (H — H nar row) from 
-0.06 to -0.2. Note that the expected negative colours are 
also in the order of the typical photometric error of ~ 0.1 
magnitud es. The presence of Ha absorption was also sug- 
gested bv lRosati et alj ((2009) , who found evidence for the 
presence of older stellar populations in the stacked spectra 
of cluster members in the cluster centre. However, the faint 
narrow-band magnitudes could also be caused by a strong 
non-Ha absorption feature in foreground galaxies. Galax- 
ies at z ~ 0.85 would have calcium triplet absorption lines 
at AAA8498,8542,8662A that would fall into the A1.57/wn 
narrow-band filter. 



2.4 Cluster membership through colour selection 

We now assess the likelihood of the cluster member candi- 
dates through their broad-band (J — H) and (H — K) colours 
and their location in the (J — K) colour-magnitude diagram. 
For this purpose we use additional J and K band imaging 
obtained wi th the HAWK - I inst rument. This data is fully 
described in lLidman" et alj <|2008h . The source detection and 
photometry was carried out using the same parameters as 
for the _ff-band NIRI data described above, using an aper- 
ture with one arcsec radius to extract magnitudes in J and 
K. The sources were then matched to the NIRI catalogue 
with a 1.5 arcsec matching radius. We find an average sepa- 
ration between matching sources of 0.25 arcsec with a rms of 
0.17 arcsec. The resulting (J — K) colours for all objects are 
given in Table[T] The images do not overlap entirely with our 
_ff-band data and objects that are outside the field of view 
of the HAWK-I images are given a value of (J — K) = 99. 
Only nine objects from our total narrow-band sample are 
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Figure 2. Colour-magnitude diagram for all 201 sources detected 
in the narrow-band image. The dashed lines indicate lines of con- 
stant S, which show the excess flux in the narrow-band image 
above the noise in the broad-band image. Spectroscopically con- 
firmed cluster member galaxies are plotted as large red points 
while all other detected objects are shown as blue crosses. The 
vertical line shows the 95% completeness level, so only candidates 
brighter than this limit are considered as possible excess emission- 
line objects. Candidate emission-line cluster galaxies are objects 
with EW > 20 A and £ > 3 (open magenta circles). Typical error 
bars are shown in bins of magnitude. 



not observed in J and K, while all of the remaining source 
from our sample are detected in J and K. 

Figure [3] shows all sources in the near-infrared colour - 
magnitude and colour-colour diagrams. iLidman et alj (|2008T ) 
identified a tight correlation between near-infrared red 
colour and brightness for galaxies in the XMMU 2335 clus- 
ter which is a result of galaxies harbouring old, evolved stel- 
lar populations. They obtained a fit of the cluster's red se- 
quence, which is plotted as long-dashed line in Figure [3] 
Galaxies that are redder than 0.2 magnitudes blueward of 
the red sequence are marked with red squares in Figure [3] 
and account for 45% of our sample. These galaxies are likely 
to be cluster members since the likelihood to find fore- 
gr ound galaxies in this colour range is very low, as shown 
bv lLidman et al.1 l|2008h . This sample of galaxies on the red 
sequence is considered separately in the following analysis 
and is marked in Figures [3] [4] and [5] with red squares. 

Galaxies with excess line emission and hence star for- 
mation show a broad range of (J — K) colours and are dis- 
tributed over the whole colour-magnitude space. We also 
find objects in our sample with colours redder than the 
red sequence. In fact, a large fraction (~ 60%) of these ex- 
tremely red objects are excess emitters (magenta circles in 
Figure [3}, whereas only ~ 20% of all galaxies are classified 
as excess emitters. One possibility is that these galaxies are 
dust-reddened star-forming galaxies rather than red due to 
old stellar populations. 

We also use the colour-magnitude and colour-colour di- 



© 0000 RAS, MNRAS 000, 000-000 



6 Griitzbauch et al. 




18 20 22 1 2 

K mag (Vega) (H-K) 



Figure 3. Colour-magnitude relation (a) and colour-colour diagram (b) of cluster candidates and confirmed members. Left panel: (J — K) 
vs. K magnitude; Right panel: (J — K) vs. (H — K) colour. Symbols are as follows: Red solid circles - spectroscopically confirmed cluster 
members; cyan crosses - likely stars and foreground objects (K < 17.4); b lue crosses - a l l othe r detections; magenta circles - excess 
emitters; red boxes - red sequence galaxies. The cluster red sequence fit of iLidman et al . (2008) is shown as a long-dashed line. Red 
sequence galaxies are defined as galaxies redder than 0.2 magnitudes blueward of this red sequence fit. The error bars in panel (a) indicate 
average photometric errors in each magnitude bin. 



agrams to try to identify any interloping stars in the narrow- 
band sample. Star are distinguished from background galax- 
ies by showing significantly bluer colours, typically below 
(J — K) < 0.9. This limit is shown in both panels in Figure[3] 
as a short-dashed line. The left panel of Figure [3] reveals a 
well-defined stellar locus at the bright end, whereas contam- 
ination from extremely blue (and hence fainter) galaxies is 
possible at the faint end. However, very few objects in our 
sample are close to this limit. The three excess emitting ob- 
jects that are located below the colour limit of the stellar 
locus could be such very blue, star-forming galaxies. How- 
ever, without spectroscopic information we cannot establish 
their cluster membership. 



2.5 Final galaxy sample selection 

The full sample of detected sources comprises 201 objects, 
however, in the analysis in the following sections of this 
article we exclude objects unlikely to be cluster members 
according to the following criteria. Likely stars identified 
via their colour ((J — K) < 0.9) described above, and 
via the source extraction parameter CLASS_STAR, which 
uses the light distribution and width of the point spread 
function to identify stars. In order to minimise the chance 
of excluding unresolved galaxies, we require this parame- 
ter to be CLASS^STAR > 0.8 in the H-h&nd images and 
CLASS^STAR > 0.98 in the higher resolution Jf-band im- 
ages. Likely foreground galaxies are also excluded through 
their brightness, cross-checked by visual inspection of the 
images. We exclude all objects that are brighter than the 
brightest cluster galaxy in Tf-band (K < 17.4), which af- 
fects eight objects in our sample. All of these are resolved 



galaxies with disk like morphologies and significantly larger 
sizes than the brightest cluster galaxy. We therefore con- 
clude that these objects are most likely foreground galaxies 
and remove them from the analysis. None of the objects ex- 
cluded due to their brightness are excess emitters and all 
of their measured SFRs are consistent with zero within the 
errors. 

After applying the above cuts, we obtain a final sam- 
ple of 163 objects, which are listed in Table [TJ whereas all 
excluded objects are shown in Table [2] (the full tables are 
available in electronic form only). Note that the compari- 
son of our data with the HAWK-I images revealed a small 
offset in the astrometric solution, which we have corrected 
by matching bright sources in the two images. This results 
in slightly different coordinates listed in Tables [1] and [2] and 
the coordinates li sted for the same objects in Table 1 of 
iBauer et al.1 (|201ll ). 

Out of the final sample of 163 objects 14 are spectro- 
scopically confirmed cluster members (listed first in Table[T]) 
and 32 are narrow-band excess emitters and therefore the 
most likely cluster members, although the interloper frac- 
ti on could be a s high as ~ 30% according to the estimate 
of lSobral et alJ (|201lh . We further constrain the sample of 
likely cluster members through near-infrared colours using 
the fit to t he red sequence of th e cluster colour-magnitude 
relation bv lLidman et all l|2008h . Red sequence galaxies are 
defined as galaxies wit h (J-K) colour s redde r than 0.2 magni- 
tudes blueward of the lLidman et all (|2008l ) fit and are likely 
to be cluster members, as described in Section [2.41 We find 
that 75 galaxies (or 46%) of our sample are classified as red 
sequence galaxies. This sub-sample of galaxies is also con- 
sidered separately in the following analysis. 

We also note that a significant fraction of the non- 
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Table 1. Properties of detected objects in both pointings, cluster centre and outskirts. Spectroscopically confirmed members are given 
first, separated by a horizontal line. The full version of this table is available in electronic form only. 
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Table 2. Properties of objects excluded from the sample due to (J — K) colour, i<"-band magnitude or CLASS-STAR parameter (see 
text). The full version of this table is available in electronic form only. 
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66 
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57 
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0. 
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emitters in our sample will not be cluster members. How- 
ever, considering the large fraction of galaxies located on the 
cluster red sequence and the fact that most spectroscopically 
confirmed cluster members do not show excess emission (11 
out of 14, or ~80%) we can infer that at least some of the 
non-emitters will indeed be members of the cluster. In order 
to avoid biasing our sample towards star-forming galaxies 
we include all the 163 galaxies in the analysis throughout 
the rest of this article, but we consider excess emitters as 
well as galaxies close to the cluster red sequence separately, 
since they have a higher likelihood to be cluster members. 



the observed limiting magnitudes given in Section 12.21 and 
is set to zero if the required minimum equivalent width of 
20A is not reached. 

Section 13.11 presents the derived SFRs as a function 
of magnitude (Figure 0} and cluster-c entric distance (Fig - 
ure [5]), analogous to Figures 4 and 5 in [Bauer et al.1 |201ll ). 
We include the data of the cluster centre in this analysis 
and present it together with the new observations of the 
cluster outskirts. In Section[372] we estimate the specific star- 
formation rates (SSFR), i.e., the star- formation rate per unit 
of stellar mass, using a mass-to-light ratio applied to the 
deep A"-band observations. 



3 RESULTS 

In the following we present the star formation rates (SFRs) 
derived from the H narrow-band imaging and investigate 
any possible correlations between the star-forming prop- 
erties of the galaxies and SFR and their magnitude, dis- 
tance from the cluster centre (as defined by the BCG), and 
stellar mass . This work extends the analysis presented in 
iBauer et alj (|201ll ) to much larger clus ter-centric radii (1 .5 
Mpc here compared to the 500 kpc in IBauer et all (|201ll )) 
as well as over a larger galaxy sample. Additionally we make 
use of HAW K-I imaging of the clu ster in the J and K bands 
described in lLidman et al.1 l|2008l ). 

Table \T\ summarises the resulting SFRs, magnitudes, 
colours and distances from the cluster centre for all objects 
we consider in this study, with spectroscopically confirmed 
cluster members listed first. The last column in Table[T]iden- 
tifies excess line-emitters via the E-level of excess emission 
as described in Section 12.31 The E-level is computed from 



3.1 SFR as a function of magnitude and 
cluster-centric distance 

We first analyse the correlation between SFR and an in- 
trinsic galaxy property, galaxy magnitude. Figure 0] shows 
individual SFRs as a function of H broad-band magnitude, 
which corresponds to a rest-frame wavelength of ~6900A. 
The different subsamples defined in Section 12.51 are plot- 
ted separately: confirmed cluster members are shown as red 
dots, while all other objects are plotted as crosses. Addi- 
tional symbols denote galaxies defined as excess emitters 
(blue with open magenta circles), galaxies on the red se- 
quence (open red squares) and galaxies within the central 
R Q — 200 kpc (orange triangles). Galaxies with negative 
(H — Hnarrow) colours are marked with grey arrows. 

We confirm the correlation between SFR and i/-band 
magnitude for confirmed cluster members found in t he clus- 
ter centre in our previous study dBauer et al.ll201ll ). A lin- 
ear fit to the data of confirmed cluster members is plot- 
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Figure 4. Star formation rates as a function of H broad-band 
magnitude. The symbols are as follows: red solid circles - spec- 
troscopically confirmed member galaxies; magenta circles - ex- 
cess line-emitters; red boxes - galaxies on the red sequence; grey 
crosses - all other detections; orange triangles - galaxies within 
200 kpc of the BCG. Arrows represent galaxies with fainter 
narrow-band magnitudes than expected from their broad band 
magnitude, a possible evidence for Ha in absorption. The red 
dashed-dotted line represents a least squares fit to the data points 
of confirmed members. The 5cr SFR detection limit is shown as 
the dashed horizontal line, as described in Section 12.21 



ted as dashed-dotted line. Brighter galaxies tend to have 
less (or no) star formation. The statistical significance of 
this correlation is 2a, given by the Spearman rank corre- 
lation coefficient (p = 0.85) and its corresponding signifi- 
cance level for our sample size. The probability that H band 
magnitude and SFR are uncorrelated is then P — 4%. As- 
suming that the amount of star formation per unit stellar 
mass in a galaxy is constant - and that galaxy light traces 
stellar mass - we would expect that brighter galaxies ex- 
hibit higher SFRs. Our data however suggests the opposite; 
brighter (more massive) galaxies have less star-formation 
and older stellar populations, while fainter (less massive) 
galaxies are still for ming. This trend is commonly referred 
to as downsizing (e.g. ICowie et al.ll 19961 ) and will be further 
discussed in Section \3. 2 1 

We find no correlation between SFR and brightness for 
the excess emitters (magenta circles, P — 35%) or for galax- 
ies on the red sequence (red squares, P = 65%). Star forma- 
tion activity has already ceased in the brightest galaxies in 
the cluster, which are located on the bright end of the red 
sequence, whereas objects that are still forming stars do so 
independently of their brightness. It is worth noting however 
that the SFRs are overall low, much lowe r than expected fo r 
galaxies at the cluster's redshift (see e.g. lBauer et al-lEiOllf) . 
which will be discussed in more detail in the following sec- 
tion. We find a median SFR for all galaxies in our sample of 
<SFR> = 0.7 ± 0.8 MQyr -1 , although a significant amount 
of interlopers could artificially decrease this value. If we con- 




500 1000 1500 

distance from BCG [kpc] 

Figure 5. Star formation rates as a function of distance from the 
cluster centre. Symbols are the same as shown in Figure 3] The 
vertical dashed line marks the projected distance within which 
no star formation occurs (Rq)- Galaxies within this limit are 
also marked with orange triangles in Figure [4] 



sider only galaxies located around the cluster red-sequence 
(see Section which are more likely to be cluster mem- 
bers than the general sample, we obtain a median <SFR> = 
0.8 ± 0.8 MQyr -1 , which is very similar to the value for the 
full sample. Taking only spectroscopically confirmed cluster 
members into account, we measure a median of <SFR> = 
1.3 ± 1.9 Moyr -1 , which is still low compared to the average 
SFR of field galaxies at similar redshifts. 

To further compare the star-formation activity within 
the cluster with the general field environment at the same 
redshift we compute the SFR density in M0yr _1 per cu- 
bic Mpc. Due to the limited coverage of our observations in 
the cluster outskirts we restrict this analysis to the cluster 
centre. We assume that the observed volume can be approx- 
imated by a cylinder with the radius covered by the central 
pointing (~ 0.5 Mpc) and a depth of 1.5 Mpc, c orresponding 
to~1.5 times the virial radius of the cluster (Rosa ti et al.l 
120091) . The total SFR is then the sum of the individual SFRs 
of all galaxies detected within this area, resulting in SFR 
densities of ~50 M0yr _1 Mpc~ 3 for excess emitters (based 
on 19 galaxies) and ~15 M0yr -1 Mpc -3 for confirmed clus- 
ter members (based on 10 galaxies). This is a factor of ~10 
higher than the SFR density of the universe at z ~ 1.4 of 
~0.2 Moyr^Mpc" 3 | Hopkins fc Beacoml I2006T ) due to the 
high galaxy number density of the cluster. Note however 
that the uncertainty of this estimate is very high due to the 
uncertainty of the individual SFRs (~ 30%), the cluster vol- 
ume as well as the contamination rate of up to 30% in the 
sample of excess emitters. 

Our previous study of galaxies in the cluster centre 
l|Bauer et alj|201ll ) revealed a lack of star-formation within 
the inner 200 kpc of the cluster, and identified this as a 
quenching radius, R Q . We also noted the possibility for a 
steady increase in SFR with cluster-centric radius. With the 



© 0000 RAS, MNRAS 000, 000-000 



Star Formation in XMMU J2235. 3-2557 at z = 1.4 9 



new observations shown in Figure [5] we can now trace activ- 
ity three times farther out to a radius of 1.5 Mpc. However, 
we do not see evidence for an increase in SFR with distance 
from the cluster centre. Using again the Spearman rank cor- 
relation test we find that the probability that cluster-centric 
distance and SFR are uncorrelated is P — 66% for confirmed 
members, P — 36% for excess emitters and P = 42% for all 
candidates. We find that outside R Q , the SFR of all galaxies 
with evidence of star formation remain at a constant level of 
<SFR>= 2.7 ± 1.0 Mpyr" 1 . This is cons istent with the av- 
erage SFR found bv lHavashi et al l (|201Ch for cluster galax- 
ies in the XMMXCS J2215.9-1738 cluster at z = 1.46. Note 
also that the average SFR value of cluster galaxies is much 
lower th an the average value found for field g alaxies at this 
redshift l|Daddi et al.ll201ol ; iBauer et al 1 l201lh . as discussed 
further in the following section. 

3.2 Specific star formation rates 

In the following we use the observed if-band magnitudes to 
obtain an estimate of the galaxy stellar mass. The central 
wavelength of the observed A'-band represents a rest-frame 
wavelength of roughly 9200 A, representative of the under- 
lying evolved stellar population, and less affected by dust 
extinction than the shorter wavelength H-b&nd whose rest- 
frame central wavelength is ~ 6900 A. We calculate a stellar 
mass-to-light ratio (M/L) by assuming an evolved stellar 
population of the age of the Universe at the cluster's red- 
shift (4.5 Gyr) combined with a 5% by mass co ntribution 
from a young stellar population using the models o f lWorthevI 
l|l994h . This relatively small contribution of young stars is 
motivated by the low star formation rates of the galaxies in 
our sample. 

We use exponentially declining star formation histories 
of the form SFR = SFRo e^~ l ^ T \ with a star formation 
timescale of r = 1 x 10 9 yr. Integrating over the last billion 
years, we find that an average galaxy with active star for- 
mation typical of galaxies within this sample (~ 2Moyr _1 ) 
would have created ~ 3 x 1O 9 M0 of stars over the last 10 9 
years. Note that the M/L of a 4.5 Gyr old population at the 
rest-frame wavelength of 9200A is not significantl y affected 
by ch anging the amount of young stars up to 10% l|Worthevl 
1 19941 ). It changes from M/L ~ 1.4 assuming a 10% contri- 
bution of young stars to M/L ~ 1.5 for a contribution of 
1%. We adopt a mass-to-light ratio of M/L — 1.5 to obtain 
an estimate for the galaxy stellar mass (M*) from the ob- 
served K-band magnitude. From this we estimate SSFRs as 
SSFR = SFR/M*. 

The resulting specific star formation rates are shown 
in Figure [6] as a function of stellar mass. The symbols are 
the same as in Figure [3] with confirmed members plotted 
as red dots, all other objects as crosses, excess emitters in 
blue with magenta circles, galaxies on the red sequence with 
red squares and galaxies within the central R Q — 200 kpc 
marked with orange triangles. Upper limits are plotted as 
arrows for galaxies with SFR < 0.5 Moyr -1 . 

Figure HJ] shows that among galaxies in the XMMU2335 
cluster, higher stellar mass galaxies have lower SSFRs, 
a common re sult from broader field galaxy samples at 
lower redshift dCowie et al.ll 19961; iBrinchmann fc Ellis|[2000l: 
IBauer et al.l 120051 ; lJuneau et al.l I2005T ) . Regardless of their 
position in the cluster, star formation is effectively shut off 
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Figure 6. Specific star formation rate as a function of stellar 
mass. Symbols are the same as shown in Figure^] Upper limits for 
galaxies without detected star-formation (SFR < O.5M0yr —1 ) 
are shown as grey arrows. The average SSFRs of a general field 
sample at simila r redshift is plotted as blue pentagons and da rk 
purple triangles l|Perez- Gonza lez et al. 20081 : H auer et al1l201lh . 

for all massive galaxies with log M*/Mq > 10.75. Galax- 
ies within the central R Q — 200 kpc have a wide range of 
stellar masses, but show a clear offset towards low (below av- 
erage) or only limiting values of SSFR. For galaxies with log 
M*/M < 10.75 , the tendency is for those within R Q = 200 
kpc to have lower SSFRs. A K-S test gives a probability of 
P = 5% that the SSFRs of galaxies inside and outside of 
R Q follow the same distribution. Galaxies with lower stel- 
lar mass and outside of the quenching radius are building 
up stellar mass via star formation, while massive galaxies or 
those in the cluster core are not. 

In Figure [6] we also show average SSFRs of typical 
field galaxies at this redshift (1.5 < z < 2). These sam- 
ples are drawn from IBauer et al.l l|201ll ) (triangles) and 
IPerez-Gonzalez et al.l l|200ct ) (pentagons), the former being 
based on SFRs determined from rest-frame ultraviolet (UV) 
observations, while the latter uses SFRs determined from 
infrared (IR) data. The rest-frame UV star-formation rates 
are based on Hubble Space Telescope observations in z-band 
and are significantly deeper than the IR observations, reach- 
ing a limiting SFR of 0.3 M0yr _1 at z = 1.5, comparable 
to the limiting SFR in this study. Although the scatter be- 
tween the indivi dual SFRs derived from UV and IR data 
are considerable |Bauer et al.ll201lT ). the average SFRs (and 
SSFRs) of the whole sample are consistent. Figure [5] shows 
that t he median v a lues o f both, UV and IR based SSFRs 
of the IBauer et alj (|201lh study are clearly offset from the 
SSFRs of galaxies in our cluster sample by a factor of ~5-10. 

We conclude that galaxies in the cluster centre have 
lower SSFRs than the rest of the cluster galaxies, which 
in turn have lower SSFRs than field galaxies at the same 
redshift by a factor of a few for log M* /M < 10.75 galaxies, 
and up to a factor of > 10 for massive galaxies. 
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4 DISCUSSION 

We have presented a detailed look at the properties of indi- 
vidual galaxies in the massive galaxy cluster, XMMU2235.3- 
2557, at z = 1.39. The number of studies of individual galaxy 
clusters at high redshifts is increasing and as such, it is im- 
portant to compare results presented here to other distant 
clusters to see if consistent results are being found. 

It remains challenging to solidly identify clusters at 
z > 2, but several studies have f ound high concentra- 



tions of sources around radio galaxies dPentericci et al 



Kurk et alj|2004 IVenemans et al1l2007l ; lTanaka et al 



1997 



2011 



Hatch et al.l 20 111) or fro m over-densities in infrared observa- 



tions i Gobat et al.ll20l"lh . Although it is not likely that these 
are virialized systems, they show a variety of star formation 
activity i n their cores, from galaxies with strong emission 
lines (e.g. iTanaka et al.|[201ll ) to thos e that show red g alax- 
ies with old stellar populations (e.g. IGobat et alj|2011[ ). It 
is evident that many of these clusters are still in an ac- 
tive phase of the galaxy formation process and it is most 
likely that these types of systems will become something 
like XMMU2235 at z = 1.39 and eventually the most mas- 
sive clusters observed in the local universe. 

In recent years many clusters in the redshift range of 
1.3 < z < 1.75 have been found and studied in detail. Again, 
a variety of techniques have been used to detect these mas- 
sive high redshift systems, but interestingly, whether or not 
the galaxies in their cores harbour exclusively old stellar 
populations with no evidence of new star formation, seems 
to be dependent on how the cluster was detected. For in- 
stance, almost all clusters detected so far by X-ray emis- 
sion show evidence for a lack of star formatio n activity in 
their cores based on narrow-band observations (|Bauer et al.l 
l201ll ),orbv using photometric colours to identify red galaxy 
popu lations coincident with the peak of the X-ray emis- 
sion (|Henrv et al. 2010; Hilton ct al. 2010; Fassb ender et al.l 
l201ll ; lNastasi et al.|[201ll ; ISantos et al.ll201ll ). This is prob- 
ably due to the correlation between X-ray luminosity and 
total cluster mass and the fact that the most massive struc- 
tures are the first to form. The more massive a structure is 
the earlier it collapses, giving the environmen t more time to 
trans form galaxies via ram pressure stripping ([Gunn fc GottJ 
1 19721 ) or merging (e.g. iMihos fc Hernquistlll994l ). Similarly, 
the higher the density of the hot intra cluster medium 
(ICM), the more effective is the stripping of the cold gas 
within g alaxies and hence t he quenching of star formation 
(see also lLarson et al.lll980l ). 

A notable excep tion to this statement is the study of 
lHavashi et~all l|2010l ) of the X-ray detected cluster XM- 
MXCS J2215.9-1738 at z = 1.46. The authors find no de- 
crease in the emission of narrow-band [Oil] within galaxies 
in the cluster core and interpret this as evidence of AGN 
activity that suppresses star formation among galaxies in 
the cluster. In a differ ent study of t he sam e cluster (XM- 
MXCS J2215.9-1738), Iffllton et all l|2010l ) see evidence of 
star formation in galaxies at the exact cluster-centric radius 
we have identified as R Q ~ 200 kpc, but no star forma- 
tion within that radius. Also, in a recent study of the X-ray 
detected galaxy c luster XMMU J1007.4+123 at z = 1.55 
iFassbender et all (|201lh conclude that although the red se- 
quence is not yet in place in the core of the cluster, there 



is a spatial density peak of red galaxies coincident with the 
X-ray emission. 

Clusters detected from methods other than X-ray emis- 
sion, likely to be non-virialized, less massive structures, 
seem to show no evidence for having exclusively red or 
non-star-forming galaxies at their core. For example, the 
cluster C1G J0218.3-05101 at z = 1.62 was discovered 
from Spitzer infrared obser vations by Papovich et al.l (|2010l ) 
and a follow- up study by iTran et all l|2010l ) finds a high 
level of star formation activity in the core of this cluster 
based on Sp i tzer-b ased IR SFRs and SED-fitting. Recently 
iPierre et alj (|201ll ) investigated the X-ray emission of this 
cluster and do not find strong evidence for extended X- 
ray emission. Another instance comes from an over-density 
in the GMASS redshift distribution found by iKurk et alj 
(2009). They identify a massive structure called CI 0332- 
2742 at z = 1.6, and while the galaxies in this structure 
show a strong colour bimodality, it is not conclusive that 
the red galaxies concentrate towards the centre of the re- 
gion. 

We conclude that our result of suppressed star- 
formation across the entire cluster but specifically within the 
central region of XMMU2335 is in agreement with the re- 
sults found for most other massive X-ray detected clusters at 
high redshift. However, for the first time we can demonstrate 
with the measurements of individual SFRs that the suppres- 
sion of star-formation is an effect of the cluster environment 
which persists at fixed galaxy stellar mass. One issue to con- 
sider when interpreting these results is that our observations 
of the outskirts of XMMU2335 from R= 800 - 1500 kpc only 
cover one diagonal region outward from the cluster core and 
so do not encompass the entire annulus. This region was tar- 
geted because it hosts a set of spectroscopically confirmed 
cluster members. It is possible that the presence of a fila- 
ment or lack of structure in this region might bias our results 
in some way. It is more likely, however, that we miss star- 
forming galaxies in the cluster outskirts, a fact that would 
not change the above conclusions. 



5 SUMMARY AND CONCLUSIONS 

We determine star formation rates (SFRs) in the most 
massive galaxy cluster at high redshift (z > 1) known to 
date, XMMU2235 . 3-2557 at z = 1.39 (|Mullis et all 120051 ; 
iRosati et aT1l2009l ). This cluster was previously found to be 
mainly composed of an evolved gal axy population thro ugh 
the analysis of broad band c olours dLidman et al.ll2008l ) or 
spectral stacking techniques l|Rosati et al.ll2009l ). This is the 
first study to determine the star formation activity of indi- 
vidual galaxies out to large cluster radius of 1.5 Mpc. We 
use deep narrow-band imaging obtained using NIRI on the 
Gemini North Telescope, which corresponds to the wave- 
length of the Ha emission line at the redshift of the cluster. 
We find the following results: 

1. We directly measure the SFRs of individual objects 
out to a cluster radius of ~ 1.5 Mpc down to a sen- 
sitivity of SFR~ IMoyr -1 . Excluding likely stars and 
foreground galaxies we find a sample of 163 galaxies over a 
surface area of ^7.45 arcmin (~ 1.7 Mpc 2 ), of which 14 
galaxies are spectroscopically confirmed cluster members. 
A total of 32 out of the 163 galaxies are identified as 
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excess line-emission galaxies and therefore the most likely 
to be cluster members. We also find a high fraction of 
galaxies in our sample (46%) consistent with being on the 
cluster's well developed red sequence, which are likely to 
be passive cluster members with evolved stellar populations. 

2. Including all observed galaxies, we measure a median 
SFR of 0.7 M0yr _1 with a scatter of 0.8, consistent with 
the SFRs found for intermediate redshift clusters (e.g. 
EDisCS clusters at 0.4 < z < 0.8) and a factor of ~10 
lower than field galaxies at 1 < z < 2. Despite of the high 
fraction of contaminants in our sample, this statement 
is still valid if we consider only galaxies on the cluster's 
red sequence, which have a median SFR of <SFR> = 
0.8 ± 0.8 Mgyr -1 , or spectroscopically confirmed members 
only (<SFR> = 1.3 ± 1.9 M yr _1 ). Galaxies identified 
as excess emitters have a median star formation rate of 
<SFR> = 2.7 ± 1.0 M yr _1 . Note also that the highest 
SFRs in the cluster of ~ 6 Moyr" 1 are still lower than the 
median SFR of field galaxies at this redshift, however it 
is worth noting that the dust correction remains a major 
source of uncertainty in this result. 

3. In the cluster core, all galaxies show suppressed or 
no evidence of star formation, regardless of stellar mass. 
The environmental influence in the sample is that at fixed 
stellar mass, galaxies in the cluster core have lower SSFRs 
than the rest of the cluster galaxies, which in turn have 
lower SSFRs than field galaxies at the same redshift. We 
observe this effect out to ~ 1.5 Mpc, i.e. more than the 
virial radius of the cluster. 

4. We do not see a continuous increase of SFR with 
distance from the cluster core. We argue that the star 
formation might not only be continuously suppressed as 
galaxies approach the cluster centre, but that there is a 
quenching radius (R Q ~ 200 kpc) within which star 
formation is rapidly shut-off. This could be caused either 
by interaction with the ICM (ram pressure stripping) or 
frequent high velocity encounters (harassment) caused by 
the high galaxy density in the cluster centre where the 
crossing time at R Q is 0.25 Gyr. 

5. We find evidence that the suppression of star forma- 
tion in the cores of early galaxy clusters might be related to 
how the cluster was detected. In particular the presence of 
extended X-ray emission from a hot ICM seems to suppress 
the star formation activity of cluster galaxies, whereas clus- 
ters that are detected via different methods harbour galaxies 
with active star formation throughout the cluster. This ef- 
fect could be caused by processes related to the total mass 
of the parent structure as well as by the direct influence of 
the ICM on the gas content of cluster members. 

We conclude that star formation in this cluster is effec- 
tively shut off in the cluster centre already at z = 1.39, when 
the universe was only ~4.5 Gyr old. Galaxies at larger radii 
from the cluster centre are moderately forming stars, but not 
reaching the average SFR of field galaxies at this redshift. 
This suggests that the red sequence is built up from the 
inside out, starting at redshifts z > 2 in the most massive 
galaxy clusters. 
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This is an erratum to the paper entitled 'Suppression 
of star formation in the central 200 kpc of a z—1.4 galaxy 
cluster', published in MNRAS, 423, 3652 (2012). An error in 
the computation of the narrow band filter width caused the 
star-formation rates in the original paper to be calculated 
wrongly. Due to a misinterpretation we assumed a narrow 
band filter width of AA = 45A, while the correct filter width 
is AA = 232A. Although this introduces a major difference 
in the resulting star-formation rates of a factor of ~5, the re- 
sults and conclusions of the paper remain largely unchanged. 
There is no bias involved, the star-formation rates are con- 
sistently higher by this constant factor. In the following we 
present the updated figures, results and conclusions using 
the correct star-formation rates. 

The selection of excess emitters is not affected, since it 
is not based on the actual values of star formation rates. 
Equally unaffected are any correlations found in our data. 
Overall, the conclusions are only affected in terms of the 
comparison with the field sample, the main difference being 
that the star-formation rates of cluster galaxies outside of 
the quenching radius Rq — 200 kpc are reaching typical 
field levels of star-formation. 

In more detail the above issue causes the following 
changes: In Section 2.2., Source detection, completeness lim- 
its and star-formation rates, the correct limits at the end of 
this Section are Lua = 7 x 10 41 



erg s 



_1 for the Ha luminos- 
ity, corresponding to a limiting SFR = 5.5 MQyr -1 . 

In Section 3.1., SFR as a function of magnitude and 
cluster-centric distance, the median SFRs for the different 
subsamples are the following: the median SFR for all galax- 
ies in our sample is <SFR> = 3.7 ± 4.1 Moyr" 1 , and 
for galaxies located around the cluster red-sequence we ob- 
tain <SFR> = 4.3 ± 4.0 M yr- 1 . The median SFR of 
spectroscopically confirmed cluster members only is then 
<SFR> = 6.6 ± 9.6 Moyr" 1 . The SFR of excess emit- 
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ters outside Rq remains at a constant level of <SFR>= 
13.6 ±5.1 Mp)yr ~ . This is still consi stent with the aver- 
age SFR found bv lHavashi et all (|2010) for cluster galaxies 
in the XMMXCS J2215.9-1738 cluster at z = 1.46. Note 
however that the average SFR value of cluster galaxies is 
also consistent with the average value found for field galax- 
ies at this redshift. The SFR density in the cluster rise to 
~250 M0yr -1 Mpc -3 for excess emitters (based on 19 galax- 
ies) and ~75 M yr _1 Mpc~ 3 for confirmed cluster members 
(based on 10 galaxies). 

In Section 3.2., Specific star formation rates, the spe- 
cific SFRs are changed by the same factor as the SFRs. Since 
the M/L of a 4.5 Gyr old population at the rest-frame wave- 
length of 9200A is not significantly affe cted by c hanging the 
amount of young stars up to 10% l|Worthevlll994l ). the higher 
SFRs do not affect the stellar mass estimate. Upper limits 
are given for galaxies with SFR < 3 M yr _1 . 

The corrected SFRs and SSFRs affect Figures 4, 5 and 
6. The correlations are unaffected in Figures 4 and 5, the 
only change here is the different range of the SFR axis. Simi- 
larly, the SFRs in Table 1 are consistently too low by a factor 
of 5.5. In Figure 6 the smaller difference to the field com- 
parison sample becomes apparent. The SSFRs of galaxies in 
th e cluster are still of fset f rom the field comparison sa mple 
of iBauer et ail l|201lD and iPerez-Gonzalez et all (|2008h by 
a factor of ~2, especially at higher stellar masses. Only at 
M* < 1O 1O M0 field galaxy values are reached. 

The conclusions are only affected with respect to the 
comparison with the field samples at similar redshifts. The 
main difference here is that after correcting the error in 
the filter width, the SFRs of emitters are comparable to 
typical field galaxies, although only at the lowest stellar 
masses we probe in this study (M* < 1O 1O M0). At higher 
stellar masses the SFRs of cluster galaxies are still offset 
by a factor of ~2 from the average field galaxy comparison 
sample. At stellar masses M* > 5 x 1O 1O M0 we do not find 
any evidence for star formation and the difference to the 
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Figure 1. Corrected Figure 4. Star formation rates as a func- 
tion of H broad-band magnitude. The symbols are as follows: red 
solid circles - spectroscopically confirmed member galaxies; ma- 
genta circles - excess line-emitters; red boxes - galaxies on the 
red sequence; grey crosses - all other detections; orange triangles 
- galaxies within 200 kpc of the BCG. Arrows represent galaxies 
with fainter narrow-band magnitudes than expected from their 
broad band magnitude, a possible evidence for Ho in absorption. 
The red dashed-dotted line represents a least squares fit to the 
data points of confirmed members. The 5it SFR detection limit is 
shown as the dashed horizontal line, as described in Section 2.2. 



field sample increases to a factor of ~10. 

We would like to thank Russell Smith for discovering 
the error in our computation. 
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Figure 2. Corrected Figure 5. Star formation rates as a func- 
tion of distance from the cluster centre. Symbols are the same as 
shown in Figure [T] The vertical dashed line marks the projected 
distance within which no star formation occurs (Rq)- Galaxies 
within this limit are also marked with orange triangles in Fig- 
ure [T] 
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Figure 3. Corrected Figure 6. Specific star formation rate as 
a function of stellar mass. Symbols are the same as shown in Fig- 
ure [T] Upper limits for galaxies without detected star-formation 
(SFR < 3 Moyr - are shown as grey arrows. The average SS- 
FRs of a general field sample at similar re dshift are plotted as 
blue pentagons and dar k purple triangles j Perez- Gonzalez et al.l 
2008 ; [Bauer et al]|201lh . 



